Pituitary gonadotrophin secretion is already active in the foetus but is silenced by the time of birth.
glycoprotein that has a central role in FSH negative feedback, increase to supra-adult levels. 2, 4, 9 In girls, oestradiol (E2) levels fluctuate during the first 6 months of life, which probably reflects ovarian follicular growth and atrophy. 5, 8 InhB is secreted by ovarian granulosa cells in girls, and its' levels increase during the first months of life, but less than in boys. 2, 7 This first postnatal activation of the hypothalamic-pituitary-gonadal (HPG) axis is referred to as the minipuberty of infancy.
A strikingly different pattern of postnatal gonadotrophin surge during minipuberty has been described in preterm (PT) infants.
Postnatal LH and FSH levels increase to considerably higher levels than in full-term (FT) infants, and this increase is several times greater in PT girls than in PT boys. 4, 5, [10] [11] [12] Also, the sex-typical ratio of LH levels seen in FT infants is reversed, and LH levels are higher in PT girls than in PT boys. 13, 14 On the other hand, our previous longitudinal findings have shown that by the term equivalent age, the high FSH levels observed in PT girls 5 and both LH and FSH levels in PT boys 4 decrease, reaching levels close to those observed in FT babies. Factors that mediate these sex-specific maturational differences in pituitary gonadotrophin secretion during early infancy are not well known.
Minipuberty of infancy represents a window of opportunity
to evaluate HPG axis function before puberty. Early evaluation of the HPG axis function is needed, for example, in case of ambiguous genitalia or suspicion of hypopituitarism or hypogonadism in a newborn. In PT infants, conditions such as undescended testis in boys 15 or virilization of external genitalia in girls 16 are more common than in FT infants. Understanding the sex differences in longitudinal reproductive hormone levels related to prematurity is crucial for their adequate interpretation.
We hypothesized that these sex differences in gonadotrophin levels during early infancy reflect the maturational differences in the levels of sex steroids and InhB. Such differences could modulate the gonadal negative feedback to the HP-unit. Therefore, in this study, we aimed to characterize the sex differences in LH and FSH levels between PT and FT infants longitudinally from 1 week (D7) to 6 months (M6) of age and to assess the temporal relationships of sex steroids, InhB and gonadotrophin levels. To evaluate the effect of maturity in these relationships, the results were also analysed according to developmental age in PT boys and girls.
| MATERIAL AND ME THODS
We performed a longitudinal monthly follow-up of 62 boys and 63
girls from D7 to 6 months (M1-M6) of age. There were 58 FT infants (gestational age ≥37 weeks, 29 boys) and 67 PT infants (gestational age <37 weeks, 33 boys) including 10 sets of twins and one set of triplets. The study subjects were recruited at the Kuopio University
Hospital between 2006 and 2008, and written consent from both parents was obtained. The recruitment has been previously described in detail. 8 The characteristics of the study subjects are presented in Table 1 . The ethics committee of the Northern Savo hospital district approved the study.
Spot urinary samples were collected for FSH, LH, T and E2 measurements using a plastic collection bag or a clean catch at each follow-up visit. Serum samples for InhB measurements were obtained at D7 and M3 visits (to represent the beginning and the peak of the minipuberty of infancy). Urinary and serum samples were stored at −70°C before the analyses. Urinary analytics were corrected for urinary creatinine levels. Urinary FSH and LH were measured with a sensitive time-resolved immunofluorometric assay (AutoDELFIA;
Wallac, Turku, Finland) adapted for measurements of urinary samples. 17 The detection limit of the LH assay was 0.05 IU/L, and the interassay coefficient of variation (CV) was less than 4% in the concentration range of 0.3-42 IU/L. For FSH, the detection limit was 0.05 IU/L, and the interassay CV was less than 5% in the concentration range of 2-78 IU/L. The LH/FSH ratio was calculated by dividing LH levels by FSH levels. Urinary T and E2 levels were determined by the high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) method as previously described. was stored at −70°C. Serum InhB levels were measured in duplicate by ELISA (Beckman-Coulter, Brea, CA, USA). The limit of quantification was 5.2 pg/mL, and 11 samples were below this (at D7 in 9 PT and 1 FT girl; at M3 in 1 PT girl). The intra-assay and interassay CVs were 6.8% and 8.1%, respectively.
| Statistics
A mixed model analysis was used for between-and within-group comparisons. Groups were compared pairwise. The group, time point and birthweight and length in SD scores were included in the model as fixed effects and subject and twinness as random effects. Birth size was included because small size at birth might affect postnatal hormone levels. 18, 19 The hormonal data were skewed and log-transformed to reach normal distribution of the residuals in the mixed model analyses.
The data were analysed both according to chronological age (ie time from birth at D7 and M1 to M6) and, to adjust for the immaturity of the PT infants, according to postmenstrual (PM) age (ie the sum of gestational age at birth and postnatal age at examination). For this purpose, the data were categorized into 4-week intervals according to PM age beginning from the 30th PM week (30.0-33.9, 34.0-37.9, 38.0-41.9, 42.0-45.9, 46.0-49.9, 50.0-53.9, 54.0-57.9 and 58.0-61.9
PM weeks).
Spearman correlation was used to evaluate the associations between hormone levels and PM age at D7 and M3. spss software version 21 (spss Inc., Chicago, IL) was used for statistical analysis. P values <.05 were considered statistically significant.
| RE SULTS

| Sex differences in longitudinal gonadotrophin levels in FT and PT infants
The sex differences in FSH and LH levels in FT and PT infants from D7 to M6 are shown in Figure 1A and B. In FT infants, the median F I G U R E 1 FSH and LH levels in full-term (FT) and preterm (PT) girls and boys, according to chronological age (from 1 week of age (D7) monthly to 6 month of age (M1-M6)) (A and B, respectively) and according to categorized postmenstrual (PM) age (C and D, respectively). Data are expressed as median and 25th and 75th percentiles [Colour figure can be viewed at wileyonlinelibrary.com] FSH levels were 2-to 6-fold higher in girls than in boys (P < .001),
whereas LH levels were 6-to 12-fold higher in boys than in girls (P < .001). In PT girls, FSH levels were strikingly high before M2, when median FSH levels exceeded the levels in boys by up to 57-fold (P < .001). In contrast to the higher LH levels in FT boys than in FT girls, median LH levels were up to 3.7-fold higher (P < .001) in PT girls than in boys before M2. However, both LH and FSH levels declined steeply in PT girls by M2, and LH levels fell below the levels in boys ( Figure 1A and B). From M2, median FSH levels were 1.4-to 2.7-fold higher (P < .001-.009) and LH levels 3.2-to 9-fold lower (P < .001-.012) in PT girls than in boys.
According to PM age, the observed abrupt decrease in FSH and LH levels in PT girls took place after 38-42 PM weeks ( Figure 1C and D). LH levels were higher in PT girls than in boys until 38
PM weeks (P < .001), similar as in PT boys at 38-42 PM weeks (P = .255) and then decreased below the levels in boys by 42-46 PM weeks. After that, these levels remained lower than in boys (P < .001). Both LH and FSH levels were higher in PT than in FT girls at 38-42 PM weeks (P < .001 for both), but not after that.
In comparison with FT boys, PT boys had higher FSH levels at 38-42 weeks (P = .006) and LH levels at 38-42 (P < .001) and 42-46 weeks (P = .034).
Although the relation of LH levels to FSH levels in the same urine sample (LH/FSH ratio) decreased in all 4 groups towards M6
(P < .001), it remained higher in both FT and PT boys than in girls from D7 to M6 (P < .001). In FT boys, the median LH/FSH ratio was 1.5 at D7 and fell below 1 (ie FSH levels exceeded LH levels) at M3
and then decreased to 0.44 by M6. In PT boys, the median LH/FSH ratio fell below 1 at M5, corresponding to a PM age of 50-54 weeks.
In PT girls, the median LH/FSH ratio first increased from D7 to a maximum of 0.4 at M1 (P = .001) and then decreased to 0.04 at M6. In FT girls, the median LH/FSH ratio remained <0.1. There was more overlap between sexes in the LH/FSH ratio in PT than in FT infants and, altogether, 13 LH/FSH ratio values >1 were observed in 7 PT girls.
| Association of sex steroids with gonadotrophin levels
In both FT and PT boys, the median levels of LH and T followed the same pattern: an increase from D7 to peak at M1 and then a decrease to M6, as previously reported. 4 In FT boys, there was a significant positive correlation between LH and T at every time point from D7 to M6 (rho .55-.76, P < .001-.006). In PT boys, LH and T correlated positively from M3 to M5 (rho .44-.66, P = .001-.036). The temporal association between gonadotrophins and T in PT boys according to PM age is shown in Figure 2A .
In FT girls, the median E2 levels were lowest at D7 and increased to M1. However, after that, there was fluctuation in levels, and no uniform pattern was observed, as described previously. 8 However, in PT girls, the median E2 levels remained below the limit of quantification until 38 PM weeks and then steeply increased (P = .004). This increase was observed concomitantly with the abrupt decrease in high FSH and LH levels in PT girls ( Figure 2B ).
There was no significant correlation with E2 and LH in FT girls and a weak positive correlation with E2 and FSH at M4 and M5 (rho .42, P = .03 for both). In PT girls, E2 correlated positively with LH at M4, M5 and M6 (rho .47-.53, P = .002-.007) and with FSH at M4 and M6 (rho .38, P = .03 and rho .56, P = .001, respectively).
At M1, there was a negative correlation between E2 and FSH (rho −.41, P = .028).
| InhB levels and the association with FSH levels
Boys had higher InhB levels (P < .001) than girls in both FT and PT groups at D7 and M3 (Table 2) . At D7, the median InhB levels in PT girls were 14-fold lower than in PT boys and 2-fold lower than in FT girls. FT girls had 4-fold lower levels than FT boys. InhB levels in PT boys were higher than in FT boys at D7 (P = .001). In all 4 groups, the InhB levels increased from D7 to M3. The largest increase was seen in PT girls, which was almost 10-fold (P < .001), whereas in the other groups, the levels increased by 1.5-to 3-fold (P < .001 in FT boys and girls; P = .015 in PT boys). At M3, there was no statistically significant difference in InhB levels between FT and PT girls (P = .652) or boys (P = .361). InhB levels at D7 correlated negatively with PM age in PT boys (rho −.51, P = .006) but no correlation was found in the other groups or at M3 in any of the groups.
In the whole cohort, a negative correlation between InhB and FSH was observed both at D7 and at M3 (at D7 rho −.66, P < .001
and at M3 rho −.64, P < .001, Figure 3) . In separate groups, InhB levels correlated positively with FSH levels in PT boys at D7 (rho .41, P = .036), whereas no significant correlation, positive or negative, was seen in the other groups. At M3, FSH and InhB correlated negatively in FT and PT boys (rho −.45, P = .017 and rho −.38 P = .043, respectively) and in PT girls (rho −.70, P < .001), whereas in FT girls, the correlation was not significant (rho −.30, P = .13). InhB and E2 correlated positively in PT girls at M3 (rho .56, P = .002), but not at D7 or in FT girls at either of the time points.
No correlation was observed between T and InhB in boys at either D7 or M3 (data not shown).
| D ISCUSS I ON
In the foetus, the pituitary gonadotrophin secretion is observed already by the end of the first trimester, but it seems to come under the control of GnRH from the midgestation. 20 In male foetuses, gonadotrophin levels are lower than in females, and LH levels exceed FSH levels. 1, 20 In both sexes, gonadotrophin levels decrease towards the end of gestation and are very low at term, probably due to suppressive effects of placental oestrogen and progesterone on the foetal hypothalamic-pituitary unit. 1, 20 Infants born prematurely during the late second or early third trimester can be considered a model to study the maturation of the HPG axis feedback system. It has been shown that in PT girls, E2 and progesterone replacement therapy suppress gonadotrophin secretion already before the PM age of 30 weeks, suggesting that the central part of the negative feedback loop is established by that age. 21 In this longitudinal study, we evaluated the temporal associations of postnatal gonadotrophin levels with concurrent levels of gonadal feedback mediators T, E2 and InhB in PT and FT infant boys and girls. We show that, in PT girls, both LH and FSH levels remained high postnatally until steeply decreasing around M2
corresponding to a PM age of 38-42 weeks. This decrease was simultaneous with an increase in E2 levels, which were mainly under the limit of detection in PT girls until PM age 38-42 weeks. In addition to low E2 levels, InhB levels were also low in PT girls at D7
indicating low ovarian hormone synthesis activity, despite the high gonadotrophin stimulation. In contrast, the postnatal increase in T levels in PT boys after D7 was not limited by the PM age, and InhB levels in PT boys were high already at D7, even higher than those in FT boys. Consequently, the immaturity of the ovarian hormone synthesis, and consequently, the lack of negative feedback at the hypothalamic-pituitary level, in comparison with the early testicular capacity to produce considerable amounts of T and InhB, probably accounts for the high postnatal LH and FSH levels seen in PT girls but not in PT boys.
TA B L E 2 Inhibin B levels (pg/mL, median and 25th and 75th percentiles) in full-term (FT) boys and girls and preterm (PT) boys and girls at 1 week (D7) and at 3 months (M3) of age F I G U R E 3 Association between serum inhibin B and urinary FSH levels at 1 week of age (A) and at 3 months of age (B) in full-term (FT) and preterm (PT) girls and boys. Spearman's rho and level of significance (*P < .05, **P < .001) are presented for each group, as well as for all 4 groups combined (all)
The concomitant increase in E2 levels with decreasing LH and FSH levels and the correlation between E2 and LH levels from M4 onwards in PT girls, suggest that peripheral, endogenous E2 levels play a central role in mediating the negative ovarian feedback on the hypothalamic-pituitary unit already in early infancy and that this feedback matures in girls around 38-42 weeks of PM age corresponding to term equivalent age. Notably, at this age, the LH levels in PT girls fell below the levels of PT boys, and, after this, the sex-typical ratio of higher LH levels in boys than in girls (seen in FT infants) was also observed in PT infants. Consequently, these and previous data 8 suggest that the sex difference in E2 levels, with higher levels in girls than in boys, results in the lower LH levels in girls during infancy. As the suppressive effects of T on gonadotrophin levels in boys largely depend on its aromatization to E2, 22 these findings also suggest that low peripheral E2 concentrations in infant girls suppress the pituitary LH secretion more effectively than local aromatization of the high T levels in infant boys.
Circulating InhB is secreted by the testicular Sertoli cells and by the ovarian granulosa cells after FSH stimulation, and it selectively suppresses FSH secretion at the pituitary level. In agreement with previous findings in FT infants, InhB levels were clearly higher in boys than in girls 18, 19, [23] [24] [25] [26] and the levels increased after birth to 3 months of age in both sexes. 2 At D7 and M3, InhB levels were negatively correlated with FSH in the whole group, suggesting that InhB suppresses FSH secretion already in infancy, and consequently, higher
InhB levels in boys than in girls probably also result in a sex difference in FSH levels. Some previous studies have found no association between FSH and InhB in prepubertal boys or girls, 2,27,28 whereas a negative correlation already at 3 months of age has been reported in boys 29 and girls. 19 The changing patterns of pituitary and gonadal hormone levels according to PM and chronological age complicate the evaluation of the associations between separate hormones, which might explain the discrepancy in previous reports regarding the associations between FSH and InhB in infancy. In addition to the selective inhibition of FSH secretion by InhB, the difference in the secretion ratio of LH and FSH levels by the pituitary gonadotropes relates to the GnRH pulse frequency. Faster GnRH pulse frequency favours LH secretion, whereas slower pulses favour FSH secretion. 30 The decrease in the LH/FSH ratio towards the age of 6 months in all groups, therefore, probably reflects the slowing of the GnRH pulse frequency after minipuberty.
Noninvasive urinary hormone analysis enabled frequent sampling in healthy infants and PT infants. Previously, good correlation between urinary and serum gonadotrophins has been found in children and infants. 17, 31 Urinary gonadotrophin levels reflect the gonadotrophin serum levels over a time period as last urination and therefore urinary analysis may not be as vulnerable to pulsatile changes in hormone levels as analysis in serum levels. On the other hand, by urinary analysis, it is not possible to differentiate whether the increase in levels is due to increase in gonadotrophin pulse amplitude or frequency, this can only be monitored by serial measurements in serum. The sex-specific pattern of postnatal urinary gonadotrophin levels in FT infants with higher LH levels in boys than in girls and higher FSH levels in girls than in boys is in line with previous studies performed on serum samples. 2, 3, 6, 7, 32 In accordance with the longitudinal findings of Andersson et al 2 our results show that this pattern changes over time in boys and after the first 2-3 postnatal months the LH/FSH ratio decreases below 1, indicating that after this, FSH is the dominant gonadotrophin secreted also in boys.
Despite this change, a sex difference in the LH/FSH ratio was evident until M6. In FT girls, the median LH/FSH ratio remained below 0.1, indicating at least 10-fold higher FSH than LH levels, whereas in boys, after the LH dominant phase, the median LH/FSH ratio was approximately 0.5, indicating approximately 2-fold higher FSH than LH levels. In PT girls, even at the highest gonadotrophin levels, FSH levels predominated, in line with previous data, 10 although in some PT girls, an LH/FSH ratio >1 was observed.
Already in the foetus, InhB levels are clearly higher in males than in females, and this sex difference remains until term. 1, 33, 34 In male foetal blood samples, Debieve et al 1 found a negative correlation between FSH and InhB levels at midgestation but a positive correlation between InhB and FSH at term, whereas no correlation was reported in another study. In girls, foetal InhB levels have been either undetectable or very low 1, 33 which is in line with very low or undetectable InhB levels in PT girls at D7 in our data. These low levels probably reflect the immaturity of the ovarian follicles, as secretion of InhB, as well as E2, from the ovarian granulosa cells, is associated with follicular maturation.
The growth of human small antral follicles becomes FSH dependent when a diameter of 2-5 mm is reached, and InhB secretion increases in these follicles up to a diameter of 9-10 mm. 35 We had previously shown that antral follicles of this size in PT girls are not visible in a transabdominal ultrasonography before 36 weeks of PM age after which their number increased. 5 Because InhB was measured only at two time points, D7 and M3, we could not evaluate the exact PM age at which InhB levels increase in PT girls. Nevertheless, the nearly 10-fold increase in InhB levels in PT girls from D7 to M3 is a definite sign of follicular maturation, and a positive correlation between InhB and E2 at M3 is probably due to their similar association with antral follicle growth. 35 Previous data on postnatal InhB levels in PT infants are scarce. Chellakooty et al 19 reported higher InhB levels in 12 PT girls than in FT girls at 3 months of corrected age and found a negative correlation between gestational age and InhB levels.
A limitation of our study is that we were not able to define the immaturity of the ovarian response to gonadotrophin stimulus at the receptor level. This would require ovarian tissue samples, and in this age group, these would be possible to obtain only postmortem.
Similarly, the negative feedback effects at the level of the HP-unit could not be determined directly. Instead, we used temporal associations between hormone levels as surrogates of the changes in hypothalamic-pituitary regulation. Another limitation is the relatively small group of PT children and their rather wide spectrum of gestational age. More accurate timing of the noted changes would require longitudinal follow-up of a larger group of very PT babies born before 32 weeks of gestation, as the most divergent hormone levels were seen in this group.
The first postnatal months represent a window of opportunity to evaluate the function of the HPG axis before puberty. Whereas the dynamic changes in the sex steroid, FSH, LH and InhB levels in infancy have been described in FT girls and boys, our present findings complement the previous, scarce data in PT infants and show that the adequate interpretation of reproductive hormone levels in PT infants requires analyses made according to both PM and chronological age.
The factor that eventually silences the activity of the hypothalamic-pituitary unit for the childhood years after minipuberty is independent of the gonad, as evidenced by the diphasic gonadotrophin secretion pattern also seen in agonadal children. 28 However, the present study shows that gonadal feedback mediated by sex steroids and InhB seems to influence the sex differences in gonadotrophin levels and their ratio during the postnatal HPG axis activation. Understanding of the physiological time course of reproductive hormone levels during the first months of life is crucial for their accurate interpretation, especially in premature infants.
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